TR, tandem repeat; Tn, GalNAc; mAb, monoclonal antibody; MS, mass spectrometry; ESI, electro-spray ionization; ETD, electron transfer dissociation; HCD, higher-energy collisional dissociation; IPACO, isotopic peak abundance cutoff; IPMD, isotopic peak m/z deviation; IPAD, isotopic peak abundance deviation.
Introduction
MUC1 is a type I membrane glycoprotein currently ranked as number 2 on the list of targets for cancer immunotherapy (1) (2) . Its extracellular portion contains 20 to 120 or more tandem repeats (TR) of 20-residue sequence (HGVTSAPDTRPAPGSTAPPA) with five potential O-linked glycosylation sites through N-acetylgalactosamine to serine and/or threonine residues. It is expressed at low levels at the apical surface of most healthy glandular epithelial cells, with normal pattern of O-glycosylation. In tumor settings MUC1 loses its polarity and normal pattern of glycosylation to expose GalNAc (Tn) residue.
We and others have dissected the abnormally glycosylated TR region as three antigenic motifs:
PDTR, GSTA, and GVTS (2) . The glycosylation of the three aforementioned peptide motifs may influence their binding to mAbs by several mechanisms. Identification of glycosylation site on above motifs is critical for dissecting the exact MUC1 antigenic epitopes for cancer diagnosis and therapy. For example, we have reported the expression of abnormally glycosylated GSTA neoantigen motif in non-small cell carcinoma cells (3) (4) .
MUC1 glycopeptides may also be processed by MHC Class I and/or MHC class II pathway, and serve as neoantigen epitopes for T cells. Barnea et al. reported the elution of MUC1-derived NLTISDVSV sequence from HLA-A2 molecules in breast cancer cell line MCF-7, although glycosylated NLTISDVSV has not been reported (5-6). Hanisch et al. reported the processing of a recombinant glycoprotein containing six MUC1 tandem repeats by mouse dendritic cells, that glycopeptides centering all PDTR, GSTA, and GVTS motifs could be generated by lysosomal protease digestion (7). Ninkovic et al. reported the loading of SAPDT(GalNAc)RPAPG by HLA-A2 molecule, that stimulated CTL cells (8) . However, the direct detection of endogenous glycopeptides eluted from MHC molecules have not been reported.
Significant progresses have been made for glycopeptide analysis in past decade. Databases (9-10) and methods for analyzing N-glycopeptides and O-glycopepitdes are accumulating, especially for site-specific glycosylation. Obviously, data containing both identities of glycan structures and glycosylation sites are most valuable for their functional analysis, compared to data containing glycan structures or glycosylation sites alone.
The accumulation of glycopeptide data benefit from most widely used MS ionization and ion activation techniques. Especially, electro-spray ionization (ESI) and electron transfer fragmentation method to analyze clostripain-digested icosapeptides, and could localize the O-glycoylation sites in heterogenous icosapeptides (33) . However, the separation of isomeric icosapeptides could not be achieved by liquid chromatography.
In this study, we tested the efficacy of pronase from Streptomyces griseus in digesting synthetic MUC1 glycopeptides, and generated short glycopeptides library containing 8 to 11 amino acids.
Methods

Synthesis of RPAPGST(Tn)APPAHG and RPAPGS(Tn)TAPPAHG. Antigenic epitopes for
antibody binding are mostly shorter than 10 amino acids. We chose to use two synthetic 13-residue glycopeptides, RPAPGST(Tn)APPAHG and RPAPGS(Tn)TAPPAHG, as the starting material for generating glycopeptides shorter than 10 amino acids. The chemical synthesis of glycopeptides was as described (3) using fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids as the building blocks. The purity of synthetic glycopeptides were examined by reversedphase HPLC and MS determination of molecular masses.
Pronase digestion of MUC1 glycopeptides. Glycopeptides were digested by pronase from
Streptomyces griseus (Roche Diagnostics, Germany) according to the manufacturer's protocol.
In brief, 5 µg glycopeptides were digested in 100 µL Tris buffer (50 mM, pH 7.6) with 5 mM CaCl2 and 10 mg/mL pronase at 50 °C for 12 hours. The pronase was inactivated by heating to 100 °C for 5 minutes. The digests were desalted by a home-made C18 reverse chromatography column, before analyzed by mass spectrometry. 
LC-MS/MS analysis of pronase digests of RPAPGST(Tn)APPAHG and RPAPGS(Tn)TAPPAHG
A MS/MS library of MUC1 antigen epitope glycopeptides with 8 to 11 amino acids.
We further analyzed the pronase digests of chemically synthesized 13-residue glycopeptides. In contrast to trypsin, or Arg-C-specific endopeptidase clostripain, which are site-specific, the pronase cleaves peptide-bonds without sequence-specificity. The cleaved glycopeptides could be detected as listed in Table 1 .
For the pronase digests of RPAPGS(Tn)TAPPAHG, the 11-, 10-and 9-residue glycopeptides were successfully identified with unambiguous glycosite localization ( Table 1 ). The 11-residue was observed with 9 matched fragment ions ( Figure S1 ); b6*/c6* and y5/z5 are the four theoretical glycosite-determining fragment ions, and c6-1+* was actually observed. The 10-residue was observed with 11 matched fragment ions ( Figure S2) ; b6*/c6* and y4/z4 are the four theoretical glycosite-determining fragment ions, and c6-1+* was actually observed. The 9-residue was observed with 10 matched fragment ions ( Figure S3) ; b4*/c4* and y5/z5 are the four theoretical glycosite-determining fragment ions, and c4-1+* was actually observed.
For the pronase digests of RPAPGST(Tn)APPAHG, the 11-, 10-, 9-and 8-residue glycopeptides were successfully identified with unambiguous glycosite localization (Table 1) as well. The 11-residue was observed with 6 matched fragment ions ( Figure S4) ; b6/c6 and y5*/z5* are the four theoretical glycosite-determining fragment ions, and c6-1+ was actually observed. The 10-residue was observed with 5 matched fragment ions ( Figure S5) ; b6/c6 and y4*/z4* are the four theoretical glycosite-determining fragment ions, and c6-1+ was actually observed. The 9-residue was observed with 14 matched fragment ions ( Figure S6 ); b4/c4 and y5*/z5* are the four theoretical glycosite-determining fragment ions, and b4-1+, c4-1+ and y5-1+* were actually observed. The 8-residue was observed with 8 matched fragment ions ( Figure S7) ; b4/c4 and y4*/z4* are the four theoretical glycosite-determining fragment ions, and b4-1+ and c4-1+ were actually observed. (Table 1) .
Discussion
Feasibility to generate short MUC1 glycopeptide libraries by pronase. The TR region of MUC1 is resistant to trypsin digestion. Previous attempts to digest MUC1 by Arg-C-specific endopeptidase clostripain could generate heterogenous icosapeptides, but isomeric 20-residue glycopetides could not be separated by liquid chromatography (32) (33) . To generate minimal epitope length glycopeptides for LC-MS identification, we digested the 13-residue glycopeptides by pronase from Streptomyces griseus. We could generate 9-, 10-and 11-residue short glycopeptide isomers which could be clearly identified by LC-MS/MS.
Among the pronase digests of RPAPGST(Tn)APPAHG, the 7-residue APGS(Tn)TAP was well observed in the MS spectrum ( Figure S8A ), and 8 matched fragment ions were observed in its EThcD MS/MS spectrum ( Figure S8B) ; b4*/c4* and y3/z3 are the four theoretical glycositedetermining fragment ions, but none of them was observed. Among the pronase digests of RPAPGST(Tn)APPAHG, the 7-residue APGST(Tn)AP was well observed in the MS spectrum ( Figure S9A ), and 7 matched fragment ions were observed in its EThcD MS/MS spectrum ( Figure   S9B ); , b4/c4 and y3*/z3* are the four theoretical glycosite-determining fragment ions, but none of them was observed.
The 12-residue digest of both RPAPGS(Tn)TAPPAHG and RPAPGST(Tn)APPAHG, and the 8-residue digest of the former were not identified in the current study; most likely, they are not abundantly produced during pronase digestion. Alternatively, it might be due to their inefficient ionization.
In summary, our data established the LC-MS/MS identities of a clinically-relevant MUC1 glycopeptide neoantigen epitope centering GSTA motif. A library of short MUC1 glycopeptides centered on GSTA motif was created, which is a critical step for analysis of such antigen epitopes in real biological samples. Red bars indicate that the experimental mass spectra match with the theoretical mass spectra. 
